INTRODUCTION
as decision variables in order to find solutions of minimized cost and GHG emissions (Basupi 48 et al. 2013; Basupi et al. 2014; Dandy et al. 2006; Du et al. 2013; Herstein et al. 2011; 49 Herstein and Filion 2011; Herstein et al. 2009; Kang and Lansey 2012; MacLeod and Filion 50 2011; Marchi et al. 2014; Roshani et al. 2012; Wu et al. 2010a; Wu et al. 2012a; Wu et al. 51 2013; Wu et al. 2010b; Wu et al. 2012b ). Both pipe size and pump type are important factors 52 to consider, as they not only explicitly affect the cost and GHG emissions associated with a 53 WDS's design, but also affect the hydraulic performance of a system, affecting pumping 54 electrical energy requirements and therefore the cost and GHG emissions associated with the 55 pumping operation of a WDS (Dandy et al. 2006; Herstein et al. 2011; Herstein et al. 2009; 56 Roshani et al. 2012; Wu et al. 2010a; Wu et al. 2012a; Wu et al. 2013; Wu et al. 2010b; Wu 57 et al. 2012b ).
58
However, available storage is also an important factor that can affect the cost and GHG 60 emissions associated with a WDS. Storage tanks, as well as providing emergency water 61 storage for fires and system failures, are a critical link between a system's water source and 62 demand. Without adequate storage, pumps must be operated to coincide with the occurrence 63 of water demands, which may not be desirable when attempting to reduce pump energy usage 64 (Batchabani and Fuamba 2012; Walski 2000) . Hence, adequate storage size can benefit the 65 minimization of cost and GHG emissions due to the greater flexibility and control of 66 pumping operations they are able to provide.
68
An increased storage tank size can allow pumping to occur during low electricity tariff (ET) 69 times, reducing the cost associated with electricity usage when a time-of-use pricing system 70 is in place. However, using fewer pumps but for a greater proportion of the day is one way to 71 reduce GHG emissions; reducing pump flow can reduce pipe velocities, leading to reduced 72 pipe friction. This can reduce pump energy usage and therefore also reduce GHG emissions.
73
Thus the need for larger storage sizes is diminished, as the difference between pump flow and 74 system demand is reduced. Hence, the sizing of storage tanks can be critical when 75 considering the minimization of, and trade-offs between, cost and GHG emissions, as the 76 optimal size of a storage tank may be different when considering either cost or GHG 77 emissions. Furthermore, storage tanks must be adequately sized to take full advantage of 78 possible cost and GHG emissions reductions, while decreasing the likelihood of negative 79 effects associated with over-sizing, such as increased tank capital cost and reduced water 80 quality (Farmani et al. 2006; Gibbs et al. 2009 ).
However, while storage tank size has been considered with respect to minimizing WDS costs 83 (Batchabani and Fuamba 2012; Farmani et al. 2006; Farmani et al. 2005; Lansey and Mays 84 1989; Ostfeld and Tubaltzev 2008; Prasad 2010; Vamvakeridou-Lyroudia et al. 2007; 85 Vamvakeridou -Lyroudia et al. 2005; Walters et al. 1999; Wu et al. 2010b) , less consideration 86 has been given to this issue when considering the minimization of GHG emissions (Basupi et 87 al. 2013; Basupi et al. 2014; Herstein et al. 2011; Herstein and Filion 2011; Marchi et al. 88 2014; Wu et al. 2010b) . Additionally, little consideration has been given to the GHG 89 emissions directly associated with storage tanks (Herstein et al. 2011; Herstein and Filion 90 2011).
92
As noted above, the minimization of GHG emissions can be achieved by operating pumps at 93 a consistent rate, thereby reducing excessive pipe velocities and frictional energy losses.
94
However, the emissions intensity associated with electricity is not always static. Like ETs,
95
emissions factors (EFs) that are used to calculate the GHG emissions associated with the use 96 of electricity can also be time-dependent (Stokes et al. 2014a; Stokes et al. 2014b) . This is 97 due to the nature of the electricity grid used to supply a WDS with electricity during 98 operation. Generally, an electricity grid is connected to multiple electricity generation 99 sources, each with their own emissions intensity (e.g. high intensity fossil fuel electricity 100 sources and low or zero intensity renewable energy electricity sources). As the contribution 101 of each electricity generation source differs, the emissions intensity of electricity changes In order to address the research gaps discussed above, there is a need to consider both optimal 118 operational management and system design together with tank sizing options when 119 considering the minimization of costs and GHG emissions associated with WDSs.
120
Additionally, there is a need to consider the time-dependency of emissions factors associated 121 with electricity used for pumping purposes. In order to address these shortcomings, the aims 122 of this study are: power outage were not taken into account.
METHODOLOGY

185
The methodology used to meet the aims outlined in the Introduction is outlined in Figure 3 186 and is based on the Water distribution system Cost-Emissions Nexus (WCEN) conceptual 187 framework introduced by Stokes et al. (2012; 2014b 
Optimization Approach
211
In order to find solutions of minimized costs and greenhouse gas (GHG) emissions, the state- combination using a maximum solution evaluation limit of 100,000 evaluations (Eval, Figure   217 3). Initial testing showed this maximum evaluation limit to allow for solution convergence. For the first case study WDS, the design is optimized for the minimization of construction 229 costs and GHG emissions. As part of this case study, 24 discrete decision variables are 230 considered, including 23 pipes (pumping main, tank main and distribution system) and one pump (with both pumps being restricted to the same type). Design options for these decision 232 variables include 12 pipe diameters and 11 pump types. For both case studies, the operations 233 of the WDSs are optimized for the minimization of operational costs and GHG emissions. 
Calculation of Objectives and Constraints
245
As stated previously, the two objective functions include (1) the economic cost and (2) employed to reduce the effects of initial conditions. This allows calculation of pump electrical energy usage, which is then converted into costs and GHG emissions associated 256 with (i) pumping operations, using operational cost analysis (OCA, Figure 3 ) and emissions 257 factor analysis (EFA, Figure 3 ) respectively, and (ii) design, using design cost analysis
258
(DCA, Figure 3 ) and embodied energy analysis (EEA, Figure 3 ), respectively.
259
Hydraulic simulation (EPS, Figure 3 ) is also used to calculate any violation of constraints For both case studies, GHG emissions associated with the operation of the WDSs are 337 evaluated, and are due to generation of electricity used for pumping purposes (EEG, Figure   338 3). In order to calculate operational GHG emissions, an emissions factor (t CO 2 -e/MWh) (EF, In order to be able to directly compare design and operations, present value analysis (PVA) is 346 used to convert all future values (being either costs or GHG emissions) to a present value. In 347 order to use PVA, a discount rate must be selected. Previous WDS GHG emissions discount rate of zero (Roshani et al. 2012; Wu et al. 2010a; Wu et al. 2010b; Wu et al. 350 2012b). Consequently, these values are chosen for this study. It is noted that, while GHG 351 emissions are a physical and not an economic property, their production does lead to both 352 present benefits (e.g. the production of electricity) and future costs (e.g. the increase in 353 atmospheric CO 2 levels). Hence, PVA can be used to weight the desire between increasing 354 present benefits and reducing future costs (Simpson 2008 
Calculation of Economic Costs
Emissions Factor Cases
364
As stated previously, two emissions factor (EF) cases, using an estimated 24-hour EF curve globally where wind generation has been widely adopted (Stokes et al. 2014a) . For this study, from wind (30%), gas (45%) and coal (25%) and at high EF times (between 8:00 and 20:00)
386
were from wind (22%), gas (54%) and coal (24%). A detailed methodology for the 387 calculation of time-dependent emissions factors is presented by Stokes et al. (2014a) and is 388 therefore used in this paper.
390
Tank Reserve Size Scenarios
391
As stated previously, the TRS is the volume of water in the storage tank/s able to be used for 392 system balancing purposes. Each storage tank's TRS is calculated as the volume of water 393 required to supply the system under average-day demand for a specified length of time (e.g.
394
the 6 hour TRS will hold enough balancing storage to supply the WDS for 6 hours). for solution EEF3.13, with GHG emissions of 42.9 kt CO 2 -e and 44.6 kt CO 2 -e respectively.
416
For case study 2, using the 6 hour TRS results in solutions with reduced GHG emissions 417 compared to using the original TRS (Figure 6a ). However, using a TRS that is too large can 418 also result in increased costs. For case study 1, using the 24 hour TRS results in significantly 419 increased costs, with little benefit to reducing GHG emissions, compared to using the 12 hour 
Optimal Pumping Operational Management
When a sufficiently large TRS is used, pumping operational optimization can help to 427 minimize pumping operational costs and GHG emissions by moving pump usage to off-peak 428 electricity tariff (ET)/lower EF times of the day. This effect is seen when both cost 429 minimization (Figures 7a and 8a ) and GHG emissions minimization (Figures 7c and 8c) have pump schedules that show less regard to the off-peak ET/low EF times of the day.
433
Instead, pump usage is maintained in order to stop the small storage tank/s from emptying.
434
These results suggest that moving pumping to the off-peak ET/low EF times of the day is an 435 effective way to reduce pumping operational costs/GHG emissions, respectively. However,
436
for the presented case studies, while this strategy works to reduce total GHG emission, it does 437 not reduce total costs. Instead, increasing the TRS and hence storage tank cost can result in 438 increased total costs.
440
As a zero GHG emissions discount rate is used, the small increase in construction GHG 
Optimal Design
450
The results for the first case study show that while the choice of pipe diameters has a 451 significant effect on the costs and GHG emissions of solutions, pipe sizes do not change 452 significantly when using different TRSs. As such, the results suggest that the choice of TRS
453
does not have a significant effect on the choice of pipe diameters. Additionally, the results
454
show that the same pump type is chosen for all solutions, regardless of TRS, suggesting that 455 pump type is not a significant factor to utilizing different TRSs. For the lower cost solutions, The results for both case studies suggest that using the average emissions factor (EF), instead 469 of the estimated 24-hour EF curve, reduces the benefit of using a larger TRS in relation to 470 minimizing GHG emissions. For the first case study, by using the average EF, increasing the 471 storage tank beyond the smallest TRS results in similar or higher costs and GHG emissions 472 (Figure 5b ). For the second case study, by using the average EF, any benefits from increasing the TRS with regard to reducing GHG emissions are not as large as when the estimated 24-474 hour EF curve is used (Figure 6b they occur with no increase in cost. This occurs because the larger TRS allows pumping to be 562 moved to the low EF times of the day, which is also when the off-peak tariff is in effect. As 563 previously discussed, when larger EF fluctuations are seen, such as when large amounts of 564 wind generation capacity are installed within an electricity grid, the effect of moving 565 pumping to low EF times of the day is intensified and therefore resulting reductions of GHG 566 emissions could be increased (Stokes et al. 2014a 
